A ubiquitin hydrolase that removes ubiquitin from a multi-ubiquitinated protein has been purified 600-fold from Saccharomyces cerevisiae. Four different ubiquitin-protein conjugates were assayed as substrates during the purification procedure. Enzymic activities that removed ubiquitin from ubiquitinated histone H2A, a ubiquitin-ubiquitin dimer and a ubiquitin-ribosomal fusion protein were separated during the purification from an activity that removed a single ubiquitin molecule linked by an isopeptide bond to a ubiquitinated protein. The size of the native enzyme was 160 kDa, based on its sedimentation in a sucrose gradient, and the subunit molecular mass was estimated to be 160 kDa, based on a profile of proteins eluted in different fractions by thiol-affinity chromatography. The partially purified hydrolase was not inhibited by a variety of protease inhibitors, except for thiol-blocking reagents. The natural substrate for this enzyme may be the polyubiquitin chain containing ubiquitin molecules bound to each other in isopeptide bonds, with one of them linked to a lysine residue of a protein targeted for intracellular prot-eolysis.
INTRODUCTION
Ubiquitin is a 76-amino-acid polypeptide found in high levels in most eukaryotic cells. It plays a critical role in intracellular protein turnover, chromatin structure and function, and ribosome assembly [1] [2] [3] . About half of the total ubiquitin in a cell is detected as the free 76-amino-acid molecule, with the balance bound in isopeptide linkage to the c-amino group of a lysine residue in a variety of proteins [4] . Among the latter are the histones H2A and H2B. Monoubiquitinated conjugates are stable proteins whose functions are still obscure; however, polyubiquitinated proteins are destined for proteolytic degradation. Recent data show that these latter polyubiquitin structures consist of many ubiquitin molecules linked to each other in isopeptide bonds [5, 6] . Three enzymic activities are required to activate ubiquitin and conjugate it to a protein [7] . Another complex of enzymes is used to degrade polyubiquitinated proteins [8, 9] . Both systems require ATP, and coupling of the two is postulated to account for the major pathway of intracellular protein turnover that removes both short-lived cellular proteins and abnormal proteins formed under various conditions, such as heat shock and oxidative stress [10] [11] [12] .
Ubiquitin is initially synthesized from mRNAs that encode either polyubiquitin sequences ranging from 3 to > 50 ubiquitin molecules connected together without any intervening stop and start sequences or a single ubiquitin molecule fused in frame to sequences coding for ribosomal subunits (reviewed in [13] ). Thus formation of monoubiquitin de novo requires hydrolases recognizing a polyubiquitin and a ubiquitin-ribosomal fusion protein.
Monoubiquitin also is recycled from ubiquitinated histones and from the polyisoubiquitinated protein conjugates noted above. Several ubiquitin hydrolases have been described [14] [15] [16] [17] , and some ofthese have recently been shown to be separable chromatographically [18, 19] . All of these are sensitive to thiol-blocking agents, but they differ in substrate specificity and other properties. In the most thorough comparative study, Mayer & Wilkinson [18] isolated four ubiquitin C-terminal esterases in highly purified states from extracts of bovine thymus. All four enzymes were purified with the use of a ubiquitin ethyl ester as substrate, but only one of these, a high-molecular-mass protein of 100-200 kDa, could remove ubiquitin from putative ubiquitin-protein conjugates that had been prepared by conjugation in vitro of 125_ ubiquitin to proteins in a reticulocyte lysate. The other three enzymes had molecular masses in the 20-30 kDa range, and one of these, termed LI, was found to be closely related to a major human neuronal protein [20] . On the basis of sequences derived from cloning of the cDNA [20] , LI is similar to a cloned yeast ubiquitin hydrolase that was purified with a ubiquitin fusion protein as substrate [21] . This yeast ubiquitin hydrolase removed ubiquitin from synthetic substrates that had sequences from one to 72 amino acids bound in a normal peptide bond to the Cterminal glycine residue of ubiquitin. Another isoenzyme, noted L3, had properties resembling those of a ubiquitin C-terminal hydrolase purified from rabbit reticulocytes [16] . This latter isoenzyme does not hydrolyse ubiquitin-protein conjugates and is postulated to cleave ubiquitin from small peptide fragments. The L2 isoenzyme appears to be similar to the hydrolase that cleaves the single ubiquitin bound by isopeptide bond to histones H2A and H2B [14] .
We were interested in studying the hydrolase that produces monoubiquitins from the polyprotein translated from an mRNA encoding multiple ubiquitins. In order to identify this type of ubiquitin hydrolase, we attempted to prepare, by a coupled transcription-translation system in vitro, a ubiquitin-ubiquitin dimer encoded in a cDNA that we had previously isolated and sequenced [22] . However, in a cell-free translation system primed with this diubiquitin mRNA, we found only ubiquitin and could not detect the diubiquitin precursor. Ubiquitin has a methionine residue at its N-terminus, and, to rule out initiation at the internal AUG site of the diubiquitin mRNA, we modified the cDNA by restriction 
RESULTS
Partial purification of a ubiquitin hydrolase To purify the ubiquitin hydrolase studied here, we assayed the conversion of the 30 kDa ubiquitin conjugate generated in vitro (Ubl.6) into free ubiquitin and a 24 kDa protein (Fig. la) . Throughout the purification we also tested for activities that removed ubiquitin from a human ubiquitin-ribosomal fusion protein (Ub-RpL), from a ubiquitin dimer (Ub-Ub) and from the ubiquitin-histone conjugate uH2A (Figs. lb-Id). Yeast extract was a good source for the Ubl.6 hydrolase, and because of its availability and ease of genetic analysis, it was chosen for purification of the hydrolase. Initially, we used a laboratory strain of S. cerevisiae carrying deletions in several yeast vacuolar protease genes [29] , but found that common baker's yeast treated with protease inhibitors was equally suitable. Details of the initial steps of purification of the yeast ubiquitin hydrolase are given in the Experimental section. From the sucrose-gradient-centrifugation step, the hydrolase was recovered in fractions that sedimented with an s value corresponding to a native molecular mass of 160 kDa, assuming that the protein is globular (Fig. 2) .
Processing of the multi-ubiquitinated 30 kDa protein was shown to be inhibited by thiol-binding agents [23] . On the basis of this observation, we tested a thiol-affinity column as a step in the purification. About 2.5 mg of protein from the sucrose gradient (14-16%-sucrose fractions) was adjusted to a final concentration of 0.5 M-NaCl and applied to a 6 ml activatedThiol-Sepharose 4B column. The column was washed with 5 column vol. of buffer containing 0.1 M-Tris/HCl, pH 7.2, 2 mm-EDTA and 0.5 M-NaCI, and bound proteins were eluted with DTT in the same buffer. In the 3 mM-DTT eluate, about five or six proteins could be detected by silver staining of an SDS/PAGE gel (Fig. 3a, lane c) . Increasing the DTT concentration to 10 mm led to elution of additional proteins, and one protein of 160 kDa accounted for > 80 % of the protein detected by silver staining of the gel (Fig. 3a, lane d) . Hydrolase activity for the Ubl.6 substrate was present in both DTT-eluted fractions, but there was about a 10-fold increase in the specific activity of enzyme in the 10 mM-DTT fraction compared with the 3 mM-DTT fraction (Fig. 3b) . These data suggest that the 160 kDa protein is the hydrolase. On the basis of the sedimentation profile of the hydrolase after rate-zonal centrifugation, we postulate that the hydrolase is a monomer of 160000 kDa. A higher-molecularmass ubiquitin hydrolase (100-200 kDa) has been reported, but most ubiquitin hydrolases have subunit molecular masses of about 30 kDa [14, [18] [19] [20] [21] . A summary of the purification procedure is presented in Table 1 and shows a 600-fold increase in specific activity.
Substrate specificity of the hydrolase To determine the substrate specificity of the enzyme, we compared the hydrolase activity at various stages of purification with several ubiquitin conjugates as substrates ( Fig. 1; Table 2 ). For the 30 kDa ubiquitin conjugate (Ubl.6) as substrate, the specific activity increased 410-fold between the Tris-soluble protein of the 16-60 %-satd.-(NH4)2SO4 precipitate and the thiol-column-purified enzyme. In contrast, the hydrolase activities increased only 84-fold and 24-fold respectively when Ub-RpL and Ub-Ub were substrates. A hydrolytic activity that removed ubiquitin from uH2A was in the DE 52 column fraction, but very low levels of this enzyme were detected in the later stages of purification (results not shown). We suspect that the uH2A hydrolase did not sediment with the other hydrolases in the sucrose gradient.
Two of these substrates, the Ub-RpL and the Ub-Ub dimer, have a normal peptide bond linking ubiquitin to its conjugate. In contrast, ubiquitin is linked by an isopeptide bond to the c-amino group of a single lysine residue in histone H2A. The ubiquitin moiety that is released from the Ubl.6, 30 kDa substrate in its conversion. into a 24 kDa conjugate is also in isopeptide linkage (23] , but differs from the uH2A in that the linkage is to another 
DISCUSSION
The data presented here on purification of a ubiquitin hydrolase indicate that yeast contains at least three different enzymic activities that can release ubiquitin from protein conjugates. Four separable ubiquitin hydrolase activities have been detected in calf thymus [18] and three in rabbit reticulocyte extracts [19] . A ubiquitin C-terminal hydrolase has been purified from rabbit reticulocytes and its properties were characterized [16, 17] . Enzymic activities that release ubiquitin from histone H2A have been described [14, 15] Fig. 3 . Separation of hydrolases by Thiol-Sepharose 4B affinity chromatography Pooled and concentrated fractions with hydrolase activity from sucrose gradients (total 2.5 mg) were adjusted to a final concentration of 0.5 M-NaCl and applied to a 6 ml thiol affinity column (3.5 cm x 1.5 cm). The unbound protein was collected and the column was washed successively with 30 ml of buffer (0.1 M-Tris/HCI, pH 7.2, 2 mM-EDTA and 0.5 M-NaCl), with 30 ml of the buffer plus 3 mM-DTT and with 30 ml of the buffer plus 10 mM-DTT. The three fractions were concentrated to 1 ml each by using Centriprep-30 concentrators (Amicon) and dialysed against 50 mM-Tris/HCl (pH 7.2)/2 mM-EDTA/l0 % glycerol. Protein concentrations were estimated by using the A2. for the unbound material and for the 3 mm-DTI eluate. For the 10 mM-DTT eluate, proteins were separated by SDS/PAGE in a 7.5 %-acrylamide gel [26] . Protein concentration was determined by comparing band intensity after silver staining with known amounts of fl-galactosidase electrophoresed on the same gel. been purified and its sequence determined from a cDNA clone [20] . This highly purified enzyme did not process the Ubl.6 30 kDa conjugate, and the most purified enzyme fraction described here had weak activity against the engineered fusion protein (results not shown).
There are two major types of ubiquitin-protein conjugates; one has ubiquitin in isopeptide bond to the e-amino group of a lysine residue, and the other has ubiquitin in a normal peptide bond to different amino acids in proteins. In yeast, there are three of the latter: a ubiquitin-(ubiquitin)4 in which a Gly-Met bond would be at the site cleaved to produce ubiquitin, a ubiquitin fusion protein with a Gly-Ile bond at the cleavage site, and a ubiquitin fusion protein with a Gly-Gly bond at the cleavage site [30] . Enzyme specificity could be based on the amino acids at the cleavage site, but it might also depend on the nature of the polypeptide to which ubiquitin is attached. The two natural fusion proteins in yeast are highly basic polypeptides with a 'zinc finger' motif that appear to interact with rRNA. These are clearly distinct from the polyubiquitin molecule that would arise from translation of the yeast polyubiquitin mRNA. Isoubiquitin bonds are found in the ubiquitinated histones and in the polyisoubiquitin formed during targeting of a protein for proteolytic degradation. Although the isopeptide bonds for both these type of conjugates are the same, a Gly-Lys (e-amino) linkage, the proteins are vastly different: one is a positively charged histone, whereas the other is a compact globular ubiquitin. In addition, the two are in different cell compartments: the ubiquitinated histone is in the nucleus and the polyisoubiquitinated protein is in the cytoplasm. Thus it is likely that two distinct isopeptide hydrolases exist, one that removes ubiquitin from histone-ubiquitin conjugates and one that recycles ubiquitin from the polyisoubiquitin-protein conjugates.
In the purification system described here, the enzymic activity that removes ubiquitin from histones was lost during the sucrosegradient fractionation. The hydrolase(s) that remove ubiquitin from the ribosomal fusion proteins and cleave a ubiquitin dimer fractionated differently on the DE 52 and thiol-affinity columns. From these results, we postulate that the hydrolase purified in this study is distinct from those previously described. The ubiquitin released from the multi-ubiquitinated 30 kDa protein to form the 24 kDa product is bound to the substrate by an isopeptide bond [23] ; thus, we postulate that the natural substrate for this hydrolase is the polyisoubiquitin structure on proteins undergoing degradation in the 26 S proteasome complex [31] . Possibly the hydrolase purified here is part of the 26 S complex, and functions both as a receptor for the polyubiquitin moiety and as an enzyme for removing ubiquitins so they can be further utilized. This model could be tested by sequencing peptides from the 160 kDa protein in order to isolate a yeast cDNA that can be used for cloning and genetic manipulations of this ubiquitin hydrolase gene.
